Dc and ac transport properties as well as electric modulus spectra have been investigated for the samples LaMn1−xFexO3 with compositions 0 ≤ x ≤ 1.0. The bulk dc resistivity shows a temperature variation consistent with the variable range hopping mechanism at low temperature and Arrhenius mechanism at high temperatures. The ac conductivity has been found to follow a power law behavior at a limited temperature and frequency region where Anderson-localization plays a significant role in the transport mechanism for all the compositions. At low temperatures large dc resistivities and dielectric relaxation behavior for all the compositions are consistent with the polaronic nature of the charge carriers. Scaling of the modulus spectra shows that the charge transport dynamics is independent of temperature for a particular composition but depends strongly on different compositions possibly due to different charge carrier concentrations and structural properties.
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I. INTRODUCTION
Physical properties of manganites with perovskite structure are governed by the delicate interplay among charge, lattice, orbital, and spin degrees of freedom which lead to a wide variety of exotic effects. 1 The most exciting result in hole doped manganites is the discovery of colossal magnetoresistance (CMR), despite the fact that the origin of CMR is still an open question.
2 Oxygen stoichiometric LaMnO 3 is an antiferromagnetic (AFM) insulating parent compound (T N = 140 K) of a family of materials exhibiting CMR. The magnetic structure of LaMnO 3 indicates ferromagnetic (FM) Mn-O-Mn superexchange (SE) interactions within the ab plane and AFM Mn-OMn SE coupling along the c-axis. 3, 4 Excess oxygen implants Mn 4+ incorporating ferromagnetism through the double exchange (DE) interaction analogous to the scenario of hole doping. 5, 6, 7 Recently, the magnetic and dc transport properties have been investigated in LaMn 9 Dominant FM interaction was observed for x < 0.15 whereas a cluster-glass-like state was noticed for x = 0. 30. 11,12 In the case of LaMn 0.5 Fe 0.5 O 3 a strong annealing temperature (T H ) dependence of magnetization was reported where FM or AFM feature exists as a result of the formation of Mn-rich or Ferich clusters whereas complex glassy magnetic behavior is due to a uniform distribution of Fe and Mn ions depending on T H . 13, 14 The compounds with x > 0.5 show a dominant character of AFM SE interaction.
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Although detailed magnetic properties are available for LaMn 1−x Fe x O 3 , the transport mechanism has not been probed explicitly as a result of Fe substitution. Recently, ac and dc transport mechanism has been investigated in Systematic investigation of conductivity mechanism has not been focused on the Mn-site substitution in RMnO 3 (R = rare earth) compounds with perovskite structure.
In the present investigation we report on the measurements of the dc resistivity, the complex ac conductivity, and electric modulus spectra at different temperatures for LaMn 1−x Fe x O 3 with composition 0 ≤ x ≤ 1.0. The results indicate that Anderson-localization plays a significant role in the transport mechanism for all the compositions. Dielectric relaxation and conductivity indicate polaronic transport mechanism in LaMn 1−x Fe x O 3 .
II. EXPERIMENT
The polycrystalline samples LaMn 1−x Fe x O 3 with x = 0, 0.15, 0.30, 0.50, 0.70, and 1.0 were prepared by a standard sol-gel technique which is described in our earlier report.
9 La 2 O 3 (Aldrich, 99.99%), Mn (Aldrich, 99+%), and Fe (Alfa Aesar, 99.998%) were used as starting materials which were dissolved in hydrated nitric acid for preparing metal nitrate solution. Citric acid was then added to get homogeneous mixure of metal citrate precursor which was dried and heated at 550
• C. The final heat treatments were performed in the form of pellets (1.1 cm in diameter and approximately 1 mm in thickness) at 1000
• C for 12 hrs in air followed by furnace cooling down to room temperature. The absence of the trace amount of any impurity phase was confirmed by a BRUKER axs powder x-ray diffractometer (Model no. 8D -ADVANCE). X-ray diffraction patterns are shown in Fig. 1 . For x ≤ 0.50 the x-ray patterns could be indexed by rhombohedral structure (R3c) whereas orthorhombic structure (P bnm) is observed for x ≥ 0.70 which is consistent with the reported results. using an Agilent E4980A LCR meter impedance analyzer which was fitted with a computer for acquiring the online data. The measurement was carried out in the temperature range 20 -300 K using a low temperature cryo-cooler (Advanced Research Systems, USA) wired with coaxial cables. All samples were circular discs in shape and the electrical contacts were fabricated using air drying silver paint. The silver electrodes along with the sample were cured at 150
• C for 4 hours.
III. RESULTS AND DISCUSSIONS

A. Dc transport
We have measured dc resistivity (ρ dc ) with temperature for all the compositions. Semiconducting temperature dependence of resistivity is observed for all the compounds where ρ dc at room temperature increases monotonically with x. In case of mixed-valent manganites the conduction of electrons (or holes) is associated with the polaron formation. If charge carriers are small polarons,
; E p being the activation energy. 23 We observe that very limited high temperature region could be fitted by the small polaron hoping model. Temperature dependence of ρ dc (T ) is also plotted according to Arrhenius formalism, ρ dc (T ) ∝ exp[E ρa /k B T ] which is shown in the bottom panel of Fig. 2 . Here also a very limited high temperature region satisfy the Arrhenius behavior. Mott pointed out that at low temperatures the most frequent hopping process would not be to a nearest neighbor. In this temperature regime generally a variable range hopping (VRH) conductivity sets in. The VRH conduction mechanism can be described by the equation
where ρ 0 and T ρ0 are constants. 24 Plot of T ρ0 as a function of x is shown in the inset of Fig. 2 where T ρ0 in- creases with increasing x. A change of slope is noticed at x = 0.70 which might be associated with the structural change for x ≥ 0.70. The result is also consistent with the estimate of activation energy as a function of x obtained from dc resistivity and dielectric relaxation which are shown in the inset of Fig. 7 where the activation energies from both the calculation exhibits a change of slope for x ≥ 0.70. According to VRH mechanism T ρ0 is given by
where N (E F ) is the localized density of states at the Fermi level and ξ is the decay length of the localized wave function. The activation energy at a particular temperature (T ) is given by the relation
It can be noted that the low temperature data fit well in this scheme which is shown in the top panel of Fig. 2 . VRH mechanism normally occurs in the low temperature regime where the temperature is insufficient to excite the charge carriers across the Coulomb gap. In this range conduction takes place normally by hopping of small region (≈ k B T ) in the vicinity of Fermi energy. Mott's VRH mechanism gives the hopping range of polarons (R)
If N (E F ) is known R can be determined at a particular temperature. For x = 0 the average distance between neighboring Mn ions is ξ ≈ 0.55 nm. Using Eq. (2) we get N (E F ) = 3.3×10 18 eV −1 cm −3 . Thus we get R ≈ 1.57 nm at T = 78 K and R ≈ 1.49 nm at T = 98 K using Eq. (4) where the temperatures correspond to the range in which resistivity obeys the VRH scheme. We note that the values of R for x = 1 are in the range ∼ 2.72 nm (T = 300 K) to ∼ 2.63 nm (T = 387 K). The rough estimate of the range of the distance over which polaron hopping occurs show that R increases considerably with increasing x from x = 0 to 1.
B. Ac transport
Anderson-localised charge carriers contribute to the conductivity by hopping processes which lead to an increase of complex conductivity with frequency (f ). This behavior can be described by using a power law with exponent s < 1 which is usually represented as 'universal dielectric response' (UDR). 25, 26 By considering a dc conductivity (σ dc ) term the real part of the ac conductivity is described as
where σ 0 is a constant. In case of measurement at sufficiently high frequency a cross over from power law, σ ∝ f s to a linear increase of f , σ ∝ f is frequently observed in a variety of materials which is defined as the 'second universality' (SU). 15, 25, 27, 28 The microscopic picture of the origin of SU region at high frequency is still not established.
The frequency dependent complex conductivity has been investigated in LaMn 1−x Fe x O 3 for all the compositions. Two of the representations at different temperatures are shown in Fig. 3 for x = 0 and 0.50 in the top and bottom panels of the figure, respectively. At low frequency a step like feature is observed possibly due to the grain boundary effect where a corresponding relaxation peak is observed in the ǫ ′′ spectrum (not shown here). Since our prime concern is understanding the conduction mechanism of the grain interior, we do not resort to an extensive analysis considering the grain boundary contribution. After the step a plateau is noticed corresponding to σ dc above which σ follows a power law behavior ∝ f ∼ 10 5 Hz is observed at 30 K for x = 0 which is shown in the top panel of Fig. 3 . Linearity of the frequency dependence is shown by the broken straight lines in the figure. The linear SU region is shifted toward higher frequencies with increasing temperature and consequently the SU region is shifted out of the frequency window above 48 K for x = 0. The UDR and SU contributions to the intrinsic ac conductivity in the present investigation is consistent with the results for single crystal of LaMnO 3 reported by Seeger et al. 15 Since UDR contribution to the ac conductivity is found in a very small region of the frequency, a large error is noticed while analyzing the ac conductivity by the power law for x = 0. The analysis is satisfactory for 0.15 ≤ x ≤ 0.70 by using Eq. (5) where the low frequency region ascribed to the extrinsic effect is ignored during fitting procedures. One of the examples of the satisfactory fits at different temperatures for x = 0.50 are shown in the bottom panel of Fig. 3 where the low frequency region is not shown explicitly. Eq. (5) can be redefined as
According to Eq. (6) the frequency dependence of σ at different temperatures can be scaled to a master curve which confirms the satisfactory fit of the conductivity.
29
The master curve for x = 0.50 at different temperatures are shown in the top panel of Fig. 4 where the conductivities at high frequency overlap exactly. One can note that at f s σ 0 /σ dc <∼ 0.7 the curves deviate from the linear behavior. This is the region where the UDR behavior cease to exist and is dominated mainly by the grain boundary effect. In the bottom panel of Fig. 4 the conductivities at high frequency also merge to a master curve for x = 0.15 and 0.30 at 70 K where the frequency dependence of both the samples could be fitted satisfactorily at the specified temperature by Eq. (5). Since a very small frequency range could be measured for x = 1.0 satisfying pure UDR region the frequency dependence of the 15 In the present investigation temperature dependence of s exhibits similar behavior for different x where s increases approaching toward unity (SU region) with decreasing temperature. The plots in Fig. 5 further indicate that the cross over from UDR to SU region is shifted toward higher temperature with increasing x.
C. Electric modulus
Electric modulus corresponds to the relaxation of the electric field in the material when the electric displacement remains constant. Thus the electric modulus represents the real dielectric relaxation process. The complex electric modulus,
where M ′ and M ′′ are the real and imaginary parts of M * . ω = 2πf is the angular frequency, M ∞ = 1/ǫ ∞ is the assymptotic value of M ′ (ω), and φ(t) = exp −(t/τ M ) process. The frequencies, at which the peaks in M ′′ spectroscopic plots are observed, follow the relation, ω max τ M = 1 where ω max is the angular frequency corresponding to the peak maximum. It is typically observed that τ M follows the Arrhenius law given by
where τ M0 is the pre-exponential factor and E Ma the activation energy. Figure 6 shows the variation of M ′′ with frequency at different temperatures for a representative composition at x = 0.7 where the peaks are shifted toward higher frequencies with increasing temperature. We have fitted the variation of the relaxation times (τ M ) obtained from the peak frequencies with the inverse of temperature according to the Arrhenius law given by Eq. (8) where the fits are shown by the solid straight lines in Fig. 7 . We note that Arrhenius law fits well in the given temperature range for x ≥ 0.30 where relaxation peaks are observed in the frequency window until 2 MHz. It deviates below ∼ 76 and ∼ 72 K for x = 0 and 0.15, respectively (indicated by the arrow in the figure) . The deviation from the Arrhenius law at low temperature has also been reported for LaMnO 3 15,17 and other perovskite material, Sr 0.998 Ca 0.002 TiO 3 .
34 The values of E Ma and τ M0 obtained from the Arrhenius fit are E Ma ≈ 53 meV and τ M0 ≈ 3 ×10 Scaling of the electric modulus can give further information about the dependence of the relaxation dynamics on the temperature, structure and also on the concentration of the charge carriers. Top panel of Fig. 8 shows the scaling results at different temperatures for the composition at x = 0.5 where M ′′ max and ω max are used as the scaling parameters for M ′′ and ω, respectively. Clearly all modulus spectra can be seen to completely overlap and are scaled to a single master curve indicating that the relaxation dynamics does not change with temperature for a particular composition at x = 0.50. Bottom panel of Fig. 8 shows the scaling of the electric modulus for different compositions (x = 0.00, 0.15, 0.30 and 0.50) at a fixed temperature, T = 95 K. Data for the other two compositions at x = 0.70 and 1.0 could not be shown in the bottom panel of Fig. 8 because the peaks start originating in these samples at much higher temperatures. It can be noted that the curves do not overlap and are different in nature. The observed deviation at high frequencies occurs due to a change in the dynamical properties of the sample whereas the deviation at the low frequencies is mainly due to extrinsic effects. This failure of matching of the curves at different compositions may be due to a change in the concentration of the charge carries.
IV. SUMMARY AND CONCLUSIONS
The results of dc resistivity, ac conductivity, and dielectric relaxation are summarized in a x − T phase diagram given in Fig. 9 . Dc resistivity of the materials are found to obey Mott's VRH mechanism over a limited temperature region at low temperature for all the compositions where measurement of resistivity up to the lowest temperature could be performed. The inclined hatched regime covered by the open squares indicates the 'VRH regime' of dc resistivity. The limited high temperature region above the open circles shows the 'activation regime' of dc resistivity. Large gap between the 'activation regime' and 'VRH regime' is observed at x = 0 which decreases with increasing x. Both the regimes almost merge at x = 1.0. The 'activation regime' obtained from the dielectric relaxation is spread over a limited temperature region in the frequency window 20 Hz -2 MHz which is shown by the horizontally hatched area. It is notable that the 'activation regime' from the dielectric relaxation does not overlap with the 'activation regime' obtained from the dc resistivity, rather it overlaps partly with the 'VRH regime'. The results clearly indicate that the dc resistivities obeying the activation behavior do not play any significant role on the dielectric relaxation. We further note that a small vertically hatched area indicated in the phase diagram exhibits the region where relaxation deviates from the the activation behavior for x < 0.30.
The most important results of the present investigation is the clear evidence of hopping mechanism in the conductivity behavior. Anderson-localization plays a significant role in the transport mechanism of LaMn 1−x Fe x O 3 for all the compositions. Large dc resistivites for all the compositions are suggested due to the Anderson-localization of polaronic charge carriers. Scaling of the modulus spectrum shows that the charge transport dynamics is independent of temperature but is strongly dependent on the compositions attributed to the different charge carrier concentrations and structural properties.
